In this Letter we report the experimental results on optical control of a p-wave Feshbach resonance, by utilizing a laser driven bound-to-bound transition to shift the energy of closed channel molecule. The magnetic field location for p-wave resonance as a function of laser detuning can be captured by a simple formula with essentially one parameter, which describes how sensitive the resonance depends on the laser detuning. The key result of this work is to demonstrate, both experimentally and theoretically, that the ratio between this parameter for m = 0 resonance and that for m = ±1 resonance, to large extent, is universal. We also show that this optical control can create intriguing situations where interesting few-and many-body physics can occurs, such as a p-wave resonance overlapping with an s-wave resonance or three p-wave resonances being degenerate.
The capability of controlling the interaction strength between atoms has led to tremendous progresses in the field of ultracold atomic gases. Magnetic-field-induced Feshbach resonance is one of such powerful tools and has been widely used in studying strongly correlated degenerate atomic gases [1] . Another technique for tuning interatomic interactions is the optical Feshbach resonance, in which a pair of atoms in the scattering states are coupled to an excited molecular state by a near photoassociation resonance laser field [2] . The optical Feshbach resonance offers a more flexible spatial and temporal control of interaction, since the laser intensity can vary on short length and time scales [3, 4] . However, it also suffers from rapid losses of atoms due to the light-induced inelastic collisions between atoms.
Recently, an alternative method of optical control has been implemented to avoid the problem of atom losses, in which the optical control is combined with the magnetic Feshbach resonance [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The key idea is that, instead of coupling atoms in scattering states to a bound state, the laser induces a bound-to-bound transition between the closed channel molecule responsible for a magnetic Feshbach resonance and an excited molecular state. In this way, the laser can shift the energy of closed channel molecule, and thus moves the location of the magnetic Feshbach resonance. This method has been recently demonstrated in both ultracold Bose [6, 8, 11] and Fermi gases [10, 12] . It has been shown that the atom loss rate can be reduced by an order of magnitude, while the advantage of high resolution of spatial and temporal control is still maintained. To distinguish this method from the conventional optical Feshbach resonance, we shall refer to it as the optical control of a magnetic Feshbach resonance.
p-wave interaction plays a crucial role in many quantum many-body systems [15] [16] [17] [18] [19] [20] [21] , especially in the realization of topological superfluids [22] [23] [24] . Thus, the intensively experimental efforts have been made on p-wave Feshbach resonance in the last decade [25] [26] [27] [28] [29] [30] [31] [32] [33] . In this Letter, we apply the method of optical control, for the first time, to a high partial wave magnetic Feshbach resonance. We will highlight the universal features in such an optical control. In addition, we will show that interesting situations such as degenerate p-wave and s-and p-wave overlapping resonances can indeed be created.
Experimental Setup. Our experiment is performed with 40 K Fermi gas of F = 9/2 manifold with atom number N = 2×10 6 and at temperature T /T F ≈ 0.3. Details of our setup and state preparations can be found in Ref. [10, 34] . We start with the p-wave resonance for two atoms in |9/2, −7/2 ⊗ |9/2, −7/2 with a magnetic field alongẑ direction. Because of the magnetic dipolar interaction, the m = 0 resonance occurs at a slightly higher field of 198.8 G and m = ±1 resonance at a slightly lower field of 198.3 G, as shown in Fig. 1 (b1) and (c1). We first consider the situation that a laser with linear polarization alongẑ is applied to the sample, as shown in Fig.  1(a) . Both the rotational and the time reversal symmetry are still preserved, under the condition that the photon recoil energy is sufficiently weak compared to the detuning and can be safely ignored. Hence, the m = ±1 resonances remain degenerate even in the presence of the optical control laser.
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onstrated in both ulloss rate is reduced by l maintains the advanand temporal control. e conventional optical it as optical control of al role in many quancular, in term of realent works also reveal en a p-wave Feshbach ne. In this letter, for control to a high parmagnetic dipole energy will be di↵erent between m = 0 resonance and m = ±1 resonances, which will split a pwave magnetic Feshbach resonance into two resonances. When applying an optical control, we first consider the situation that the laser is linearly polarized alongẑ, the rotational symmetry is still preserved (under the condition that the photo recoil energy is su ciently weak comparing to detuning and can be safely ignored). Hence, the m = ±1 resonances remain degenerate even in the presence of the optical control laser. In this case, our experiment finds that, with the same laser field strength, the shift of m = 0 resonance is always larger than the m = ±1 resonances. Our experiment also indicates that that this is a universal phenomenon because the same feature is observed by choosing di↵erent p-wave magnetic Feshbach resonances and by choosing di↵erent molecular excited states. We develop a simple theoretical model to show that this is indeed the case and is indeed a universal phenomenon. Moreover, we also observe that, if the polarization of the laser is perpendicular toẑ, the rotational symmetry alongẑ is explicitly broken, and as expected, the m = ±1 resonance will split.
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When applying an optical control, we first consider the situation that the laser is linearly polarized alongẑ, the rotational symmetry is still preserved (under the condition that the photo recoil energy is su ciently weak comparing to detuning and can be safely ignored). Hence, the m = ±1 resonances remain degenerate even in the presence of the optical control laser. In this case, our experiment finds that, with the same laser field strength, the shift of m = 0 resonance is always larger than the m = ±1 resonances. Our experiment also indicates that that this is a universal phenomenon because the same feature is observed by choosing di↵erent p-wave magnetic Feshbach resonances and by choosing di↵erent molecular excited states. We develop a simple theoretical model to show that this is indeed the case and is indeed a universal phenomenon. Moreover, we also observe that, if the polarization of the laser is perpendicular toẑ, the rotational symmetry alongẑ is explicitly broken, and as expected, the m = ±1 resonance will split.
† Correspondence should be addressed to Jing Zhang (jzhang74@yahoo.com, jzhang74@sxu.edu.cn). red detuned to the bound-to-bound transition, the energy of the closed channel bound state is effectively pushed down due to the coupling to the excited molecular state. Consequently, it requires larger Zeeman energy to bring the bound state to threshold, and the Feshbach resonance moves toward high magnetic fields. When the laser detuning becomes smaller, the bound state energy experiences stronger level repulsion. As a result, the shift of the resonance position becomes larger. As shown in Fig.  1(c) , we find that the position of m = 0 resonance moves much faster than those of the m = ±1 resonances as the detuning decreases. For instance, when the red detuning is ∼ 1.55 GHz, as shown in Fig. 1(c4) , the m = ±1 resonance is only shifted to 198.8 G, and the m = 0 resonance is shifted to 201.6 G.
When the laser is blue detuned, the energy of the closed channel molecule is effectively pushed to the higher energy, and it therefore requires less Zeeman energy to bring the molecule to threshold, and consequently the Feshbach resonances move toward low magnetic fields. Similarly, the resonance of m = 0 moves faster. Hence, for small detuning, the m = 0 resonance locates at a lower field than m = 1 resonance, as shown in Fig. 1(b4) . Nevertheless, when the detuning becomes larger, it will eventually recover the situation in absence of the laser field, that is, the m = 0 resonance locates at a higher field than the m = ±1 resonance, as shown in Fig. 1(b2) . Hence, at an intermediate fine-tuned detuning, the m = 0 resonance will accidentally overlap with the m = ±1 resonance, and it creates another interesting situation that all three resonances appear as a single resonance. This is indeed observed as shown in Fig. 1(b3) . In another word, this happens when the difference in dipolar interaction energy between molecules is canceled by the difference in the molecular ac Stark effect. In this accidental situation, it can be viewed as the SU (2) rotational symmetry is restored
Experimental Observation of the Universal Feature. To clearly visualize how the resonance position is shifted by the laser, in Fig. 2 we plot the magnetic field location as a function of the laser detuning. In Fig. 2(a) we consider the p-wave resonance for spinless 40 K in |9/2, −7/2 state [25] and the bound-to-bound transition at ω eg 388.105 THz, and in Fig. 2(b) we consider the same p-wave resonance but a different bound-to-bound transition at ω eg 388.31 THz. In Fig. 2(c) we consider a different p-wave resonance for spinless 40 K in |9/2, −5/2 state [35] with the bound-to-bound transition at a similar frequency as Fig. 2(a) .
In Fig. 2 we also show that all these cases can be well captured by a simple formula as
where B m and B m0 are the magnetic field position for resonances in presence and in absence of the laser field, respectively, µ is the magnetic moment difference between the closed and open channels, ∆ is the laser detuning from the excited molecular states, and γ is the spontaneous emission rate of excited molecular states. I(m) represents the laser induced coupling between closedchannel molecule and the excited molecular state. The R.H.S of Eq. (1) is nothing but the laser-induced energy shift of the closed-channel bound state. This formula can be derived from microscopic coupled channel model [36, 37] . By fitting the data shown in Fig. 2 with Eq.(1), we find I(0)/I(±1) ≈ 2.1, 1.9 and 1.9 for Fig. 2(a-c) , respectively. This strongly indicates that I(0)/I(±1) is a universal number. Here universal means this ratio is not sensitive to either the choice of closed molecule, that is, which p-wave resonance to start with (e.g. Fig. 2(a) and (c)), or the choice of the excited molecular state, that is, which bound-to-bound transition to couple to (e.g. Fig.  2(a) and (b) ). Theoretical Explanation of the Universal Feature. Here we offer a theoretical explanation why I(0)/I(±1) is indeed universal. To start with, let us state the necessary quantum numbers to describe a diatomic molecular state in the center-of-mass frame. r n denotes the displacement between two nucleus, and r e1 and r e2 are the displacements between two electrons and the center-of-mass. The necessary quantum numbers includes: (i) the total angular momentum l and itsẑ-component m (Herex,ŷ andẑ label directions in the laboratory frame); (ii) the projection of L e1 + L e2 along the direction ofr n , denoted by λ; (iii) n n denoting the vibration between two nucleus, and a set of quantum numbers {n e } describing the vibration of two electrons; and (iv) the quantum numbers describing the electron and nuclear spin degree of freedom.
For the problem considered here, it is quite reasonable to make following assumptions: (i) The energy splitting between different spin states are much smaller comparing to the laser detuning, such that we can ignore the spinorbit coupling and the hyperfine coupling, and therefore we will not explicitly include the electron and nuclear spin degree of freedoms. (ii) The energy splitting between states with different quantum number l are also considered to be small comparing to the laser detuning, and therefore, we treat them as "degenerate" states in the laser coupling. (iii) The radial wave functions of the excited molecular states are not sensitive to the quantum number l and m. (ii) and (iii) are essentially based on the consideration that the molecules involved in this process are deeply bound such that their wave function are largely reside in the centrifugal barrier.
Moreover due to the rotational symmetry alongẑ, m is a good quantum number between initial and final states. With (i) and (ii), the laser coupling between closed and excited molecular states is proportional to
whereT 0 denotes theẑ-component of r e1 + r e2 , and f and i in the upper superscript label the quantum numbers for the initial and final state quantum numbers, respectively. Since we consider a p-wave resonance, the closed channel molecule should be a p-wave one, that is, l i = 1; and for two alkali atoms in the electronic ground state (Σ-orbital), λ i = 0. In the expression for I(m), different choice of n i n and {n i e } corresponds to different closed channel molecules, and thus, different p-wave resonance; and different choice of n f n and {n f e } corresponds to different excited state molecules, and thus, different boundto-bound transition frequency.
The key theoretical result is to show that I(m) can be factorized into
where g and h are two functions. This result follows from (iii) and the use of the Born adiabatic approximation [34] . Thus, we can see that I(0)/I(±1) only depends on λ f and
I(0)/I(±1) is independent of n f n , {n f e }, n i n and {n i e }, that is to say, is independent on the choice of p-wave resonance, and up to these two different values, is independent of the choice of the bound-to-bound transition.
This result provides a qualitative explanation of the experimental observations. Assuming the three cases shown in Fig. 2 all come from excited molecular states with λ f = 0, it is consistent with that fact that the m = 0 resonance always moves faster than m = ±1 resonance, and the ratio I(0)/I(±1) is nearly a constant. The quantitative difference between our theoretical and experimental results is likely due to the assumptions (i)-(iii) are not perfectly obeyed in practices.
Overlapping s-and p-wave Resonance. Recently, several works have predicted that interesting many-body physics can occur when a p-wave Feshbach resonance sits nearby an s-wave one [38] [39] [40] [41] . For instance, it has been predicted that for a one-dimensional Fermi gas with strong s-wave interaction, an extra p-wave interaction can make the system favor an itinerant ferromagnetic phase [40, 41] , providing a new mechanism for itinerant ferromagnetism; and it has also been predicted that interesting pairing structure can happen for a threedimensional Fermi gas with overlapping s-and p-wave resonances. Nevertheless, without the optical control, even through in 40 K the s-and p-wave resonances are quite close, the p-wave resonances sitting at 198.3 G and 198.8 G are barely within the range (8 G) of the s-wave resonance sitting at 201.6 G [42] .
With our optical control, as shown in Fig. 3 , for red detuning 1.1 GHz, one of the resonance with m = 0 can be shifted by about 10 G in practice, and therefore overlaps with the s-wave resonance . Fig 3 (a) shows the loss for single component Fermi gas with only |9/2, −7/2 state and with applied optical control, and Fig. 3(b) shows the loss feature for a mixture of |9/2, −7/2 and |9/2, −9/2 . One can see that one of the p-wave resonance is entirely buried inside the s-wave resonance. Therefore it creates the situation where the predications from Ref. [38] [39] [40] [41] can be tested in this system.
Conclusion. In summary, we have studied the optical control of a p-wave Feshbach resonance by utilizing bound-to-bound transitions driven by a laser field. The main finding is a universal feature of this optical control, that is, the ratio I(0)/I(±1) to large extent is a universal constant. By this optical control, we demonstrate that intriguing scenarios can happen such as a p-wave resonance can overlap with an s-wave resonance. We have also considered the situation that the polarization of the laser is not alongẑ but in the xy plane. This breaks the rotational symmetry and all three resonances will split. This allows us to access independent control of all three resonances [34] . Our work opens many opportunities for investigating interesting few-and many-body problems in these settings. Fig. 3(c3) . When the laser frequency is tuned further to the resonance, the m = 0 peak moves much more quickly, still consistent with the analysis in main text.
In Fig. 4 we show a different case in which the laser propagates along the magnetic field direction but the polarization is circularly polarized in the plane perpendicular to the magnetic field. Here we fix the laser detuning at −2.6 GHz and find that the resonance position behaves differently depending on the laser ellipticity ξ. (ξ = 0 denote linear polarization, and ξ = ± denotes left and right circular polarization.) Thus, we see that by combining laser detuning and ellipticity, one can almost independently control all three resonances. 
